INTRODUCTION
Compared to the protein expression systems of Pichia pastoris and Escherichia coli, the expression system of Aspergillus niger is ideal for eukaryotic genes as it has higher capacities for expression and secretion (Alberto et al. 2009; Fleißner and Dersch 2010) , and is internationally recognised as a safe host (Pachlinger et al. 2005; Zhang et al. 2008) . Therefore, A. niger is widely used for the industrial-scale production of homologous and heterologous proteins (De Vries et al. 2004; Beneyton et al. 2016 ).
Regulation at the transcriptional level plays an important role in A. niger gene expression (Carquet, Pompon and Truan 2015) . Strong promoters have been used in numerous studies to enhance the transcription efficiency of Aspergillus (Moralejo et al. 1999; Shoji et al. 2005; Roth and Dersch 2010) for achieving higher levels of recombinant protein expression (Culleton et al. 2014; Hu et al. 2015) . These promoters can be divided into two kinds of promoters: constitutive promoters and inducible promoters. Constitutive promoters in fungi are not related to growth metabolism and do not require inducers. Recently, six constitutive promoters from A. niger were reported to regulate the exogenous expression of the cis-aconitate decarboxylase (cad1) gene; thus, constitutive promoters can be used as powerful tools for improving industrial processes through the fine-tuning of metabolic pathways (Blumhoff et al. 2013 ). The glyceraldehyde 3-phosphate dehydrogenase (gpd) A promoter (Punt et al. 1990 ) used in our study is a constitutive promoter of the gpd gene, which is widely used for the high-level expression of exogenous genes (Punt et al. 1991; Bohlin et al. 2006; Lubertozzi and Keasling 2008) . Previous studies have demonstrated that introducing functional fragments containing positive regulatory elements is one of the most effective ways for improving A. niger promoter activity (Toda et al. 2001; Ishida et al. 2006) . Punt et al. (1990) identified several functional elements in the Aspergillus nidulans gpdA promoter using lacZ gene fusion. In particular, they identified the gpd box sequence by comparing the gpdA sequences of A. nidulans and A. niger, and found that the absence of this sequence in the binding sites of transcription factors and regulatory proteins could reduce gene expression levels in A. nidulans and A. niger by factors of 2-3. Furthermore, the insertion of DNA fragments containing the gpd box sequence into the upstream regulatory region of the amdS gene could increase lacZ expression levels by 30-fold.
In this study, we constructed gpdA promoters containing different gpd box copy numbers, and then used these promoters to regulate xynB expression. The effects of gpd box copy numbers on the transcription efficiency of the gpdA promoter were investigated by analysing the transcription level, protein level and enzymatic activity of xynB, with the goal of obtaining stronger constitutive promoters for highly efficient recombinant protein expression. Additionally, numerous constitutive promoters with different transcription efficiencies were identified, thereby increasing options for the metabolic engineering and study of A. niger. 
MATERIALS AND METHODS

Strains and media
Reconstruction of gpdA promoters
Using the pAN7-1 plasmid, which was available in our laboratory as a template, PCR amplification was performed using the P1 (GGATCCTGATCGAGACCTAATACAGC) and P4 (GGGCCCGCTAGCTGAAGATGGGAAAAGAAAGAG) primers, which produced a 1032 bp full-length gpdA promoter target fragment that was named gpdA-A. The first fragment of the gpdA promoter was amplified using the P1 and P2 (GCTAGCGGC-CTTTCCGGTTTCATAC) primers, and the second fragment with the P3 (TCTAGAGTCCAAATATCGTGCCTCTC) and P4 primers, thereby obtaining gpdA-B and gpdA-C fragments, respectively. The amplification product was cloned into pMD-19T (TaKaRa, Shiga, Japan) and sequenced. The gpdA-B fragment was ligated with gpdA-C to construct the gpdA2B promoter, which contained two copies of gpd box. Using pT-gpdA2B as a template, the gpdA2B fragment was amplified using the P1 and P5 (GCGC-CGCTGGCCAGCTCGCTAGCGG) primers, and subsequently ligated with the gpdA-C fragment to obtain the gpdA3B promoter, which contained three copies of gpd box. The gpdA4B promoter, containing four copies of gpd box, was constructed using the same method, and identified using the P1 and P4 primers, as shown in Fig. 1 .
Construction of expression vectors
The pT-gpdAX (pT-gpdA, pT-gpdA2B, pT-gpdA3B and pT-gpdA4B) and pSZHG10-6-xynB plasmids were digested using the BamH I and Apa I restriction enzymes to recover the promoter and vector fragments, respectively. The purified fragments were ligated and transformed into E. coli (DH5α) to construct the pSZHGPgpdA-xynB, pSZHG-PgpdA2B-xynB, pSZHG-PgpdA3B-xynB and pSZHG-PgpdA4B-xynB recombinant vectors.
Transformation of A. niger and identification of transformants
After the recombinant vectors were transformed into Agrobacterium tumefaciens, they were subsequently transformed into A. niger (Zhang et al. 2016) . The initially activated Agrobacterium was inoculated at a ratio of 1:10 into fresh yeast extract broth and cultured for 5-7 days. The A. niger hyphae were then collected for genomic DNA extraction. The homozygous A. niger transformants were identified using the P6 5 GLA-sense (TCTA-GACTCGGCGACTTGGTCTTCAC) and P7 3 GLA-antisense (CTC-GAGCATAAGGCGGGTTCACATC) primers. Additionally, LB and RB are the left and right borders of T-DNA in the expression vectors, the PCR with LB upstream primer (GTGCTGCAAGGCGAT-TAAGTTGG) and PgpdA downstream primer (GGGCCCGCTAGCT-GAAGATGGGAAAAGAAAGAG) was made to exclude ectopic integration. (Data not shown). The copy numbers of gpd box in An (PgpdAX-xynB) were detected using P8 (TACCTTCTCC-GAAGTAGGTAGAGC) and P9 (ATGGGTCGACTGCCAGC). (Data not shown). Using the pAN7-1 plasmid as a template, PgpdA was amplified using P1 and P4. Using pT-gpdA as a template, gpdA-B and gpdA-C were amplified using P1/P2 and P3/P4, respectively. Using pT-gpdA2B as a template, gpdA-2b was amplified using P1 and P5. Using pT-gpdA3B as a template, gpdA-3b was amplified using P1 and P5. The above fragments were connected and promoters containing the gpd box with different copy numbers were obtained.
Fermentation of recombinant strains
After culturing for 5-7 days in PDB liquid medium, the liquid mycelial culture of A. niger transformants was inoculated at a volume ratio of 1:10 into the industrial fermentation medium (2% soybean extract, 2% corn syrup, 10% glucose, pH 5.5-6.0) for shake flask cultivation at 30 • C and 250 rpm. The fermentation supernatant was collected on days 4-10, and the fermented mycelium was collected on day 5.
SDS-PAGE and enzyme activity assay
The fermentation supernatant was mixed in a 1:1 ratio with 2× protein loading buffer, and boiled for 10 min. For SDS-PAGE, the sample was processed with 5% stacking gel and 12% separation gel, followed by overnight staining with Coomassie Brilliant Blue R-250 and 1-2 h of destaining. Xylanase activity was measured using the DNS method (Zhang et al. 2012 ).
Quantitative analysis of relative protein contents
The Tanon Image protein analysis software of the Tanon-2500R Gel Imaging System was used to examine the relative protein contents in the An (PgpdA-xynB), An (PgpdA2B-xynB), An (PgpdA3B-xynB) and An (PgpdA4B-xynB) recombinant strains based on SDS-PAGE images of their fermentation supernatants on days 4-10 (Lei, Li and Zhou 1998).
qRT-PCR analysis
Aspergillus niger RNA extraction and cDNA synthesis were carried out according to the manufacturer's protocols. qRT-PCR was performed using the Stratagene Mx3000P QPCR system (UltraSYBR, Agilent, USA) and Premix Ex Taq. The reaction volume of each sample was 50 μL with three replicates per sample to reduce experimental error. qRT-PCR analysis was performed using the RT-xynB-sense (TCCATTCAGGGAACCGC-TACCTT) , RT-xynB-antisense (CCAGGTTCATTCCCAGCTTAGCC-CAA) primers and actA-sense (CCACGAGACCACCTTCAACTCCA), actA-antisense (CCACCGATCCAGACGGAGTACTTGC) primers. The PCR programme was as follows: initial denaturation at 95 • C for 10 min, 15 s at 95 • C, followed by 60 s at 60
• C for 40 cycles.
At the end of each extension step, the fluorescence signal was read at 95 • C. The transcription level of the actin gene from the same sample was used as an internal quantitative standard (Zhang et al. 2016) .
RESULTS
Construction of expression plasmids
We sequenced pT-gpdAX containing 1-4 copies of the gpd box and confirmed that these fragments were identical to the designed sequences. The partial sequences of the gpd box for the PgpdA, PgpdA2B, PgpdA3B and PgpdA4B fragments are shown in Table 1 . Table 1 . Sequences of gpdA, gpdA2B, gpdA3B and gpdA4B. Sequences of gpd box are underlined.
gpdA:
-GTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAAACCGGAAAGGCCgpdA2B:
-GTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAAACCGGAAAGGCCGCTAGAGTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAA ACCGGAAAGGCCgpdA3B:
-GTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAAACCGGAAAGGCCGCTAGAGTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAA ACCGGAAAGGCCGCTAGAGTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAAACCGGAAAGGCCgpdA4B:
-GTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAAACCGGAAAGGCCGCTAGAGTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAA ACCGGAAAGGCCGCTAGAGTCCAAATATCGTGCCTCTCCTGCTTTGCCCGGTGTATGAAACCGGAAAGGCCGCTAGAGTCCAAATATCGTGCCTCTCCTG CTTTGCCCGGTGTATGAAACCGGAAAGGCC- Figure 2 . Identification of An (PgpdAX-xynB) recombinant transformants. M: DL 5000 Marker; 0: water; 1, 3, 5, 7: plasmids of pSZHG-PgpdA-xynB, pSZHGPgpdA2B-xynB, pSZHG-PgpdA3B-xynB and pSZHG-PgpdA4B-xynB; 2, 4, 6, 8: recombinant strains of An (PgpdA-xynB), An (PgpdA2B-xynB), An (PgpdA3B-xynB) and An (PgpdA4B-xynB); 9: original strain control, approximately 4500 bp. For all samples, amplification was performed using P6 and P7 by PCR.
Screening and identification of recombinant strains
Homozygous Aspergillus niger transformants were identified by PCR amplification using the P6 and P7 primers. Water and the original strain were used as negative controls, and the pSZHGX-xynB plasmids were used as positive controls. The correct target bands were amplified in all A. niger transformants (Fig. 2) . The results indicated that homozygous transformants An (PgpdA-xynB), An (PgpdA2B-xynB), An (PgpdA3B-xynB) and An (PgpdA4B-xynB) were obtained.
Expression levels of xynB controlled by different gpdA promoters
The transcription levels of the recombinant strains were determined. The results (Fig. 3) indicated that the transcription level of xynB in the An (PgpdA2B-xynB) recombinant strain was 2.8 times that in the An (PgpdA-xynB) recombinant strain. The transcription level of xynB in the An (PgpdA3B-xynB) recombinant strain was 5.7 times that in the An (PgpdA-xynB) recombinant strain. The transcription level of xynB in the An (PgpdA4B-xynB) recombinant strain was 4.3 times that in the An (PgpdA-xynB) recombinant strain. SDS-PAGE demonstrated that the protein bands indicated by arrows correspond to recombinant xylanase with a molecular weight of 24 kDa (Fig. 4a) . The highest level of protein expression was found in the An (PgpdA3B-xynB) recombinant strain, indicating that the PgpdA3B promoter had the highest relative transcription efficiency. Relative protein concentrations determined by an imaging analysis are summarised in Fig. 4b . The enzyme activities of recombinant strains were measured (Fig. 5) . The enzymatic activities peaked on day 7 for the An (PgpdA-xynB), An (PgpdA2B-xynB), An (PgpdA3B-xynB) and An (PgpdA4B-xynB) recombinant strains, followed by a gradual decline from day 8. Peak enzymatic activities of An (PgpdA-xynB), An (PgpdA2B-xynB), An (PgpdA3B-xynB) and An (PgpdA4B-xynB) were 1578.67, 2333.88, 3588.38 and 3183.51 U·mL −1 , respectively. The An (PgpdA3B-xynB) recombinant strain had the highest enzymatic activity. After statistical analysis, the An (PgpdA3B-xynB) strain was significantly different from other strains in the 7th day of the highest enzyme activity.
DISCUSSION
Using the Aspergillus niger expression system constructed in our lab, target genes have been incorporated into the highly expressed glucoamylase (glaA) locus and highly efficient expression was achieved with the regulation of the glaA promoter. However, this would simultaneously produce a large amount of background proteins (mainly α-amylase and acid-stable α-amylase), which reduces the purity and yield of the target protein. To reduce the quantity of background protein production, we knocked out amyR, a gene up-regulating amylase expression, and obtained a recipient strain with low levels of background protein. However, downstream promoters of amyR, such as PglaA, PamyA and PamyB, were also deactivated in this strain (Zhang et al. 2016) . Therefore, in this experiment, the gpdA promoter was modified, for its independence from amyR regulation and its high transcription levels, to enhance the transcription efficiency of the gpdA promoter by increasing gpd box copy numbers. Our results indicated that transcription levels increased upon increasing gpd box copy numbers (for copy numbers ranging from 1 to 3). The expression of the xynB under regulation by the gpdA3B promoter reached 3588.38 U mL −1 , which was 2.8 times that under the regulation of the unmodified gpdA promoter; this was 65% of the transcription efficiency of the Figure 5 . Enzyme activity assay of recombinant strains at different days. Enzyme activities of An (PgpdAX-xynB). The enzymatic activities peaked on day 7 for recombinant strains, followed by a gradual decline from day 8. The An (PgpdA3B-xynB) recombinant strain had the highest enzymatic activity. According to a statistical analysis, the An (PgpdA3B-xynB) strain was significantly different from other strains in the 7th day.
strongest known inducible promoter for A. niger CICC2462 PglaA, for which the expression level was 5534.163 U mL −1 according to results from our lab. Hence, the gpdA3B promoter has excellent prospects for application. However, the transcription level decreased when there were four copies of gpd box. We postulate that this may have been caused by the titration effect of regulatory proteins, which is induced by the introduction of multiple copies of a positive regulatory element into a regulatory protein (Liu et al. 2003; Brewster et al. 2014) . Excessive increases in the copy numbers of genes will also trigger this kind of saturation. The co-expression of gpd box-binding regulatory proteins, reduction or elimination of unfolded protein responses and optimisation of fermentation formulations are effective methods to resolve this issue. In summary, we identified numerous constitutive promoters by modifying the gpdA promoter. Our results indicated that the copy number of gpd box significantly affected the transcription efficiency of a promoter, and the PgpdA3B promoter demonstrated the highest transcription efficiency. The constitutive promoters developed in our study could be used to achieve highly efficient recombinant protein expression in A. niger and have practical applications for the metabolic engineering of A. niger.
